A key unresolved question regarding the basic function of voltage-gated ion channels is how movement of the voltage sensor is coupled to channel opening. We previously proposed that the S4-S5 linker couples voltage sensor movement to the S6 domain in the human ether-a'-go-go-related gene (hERG) K ؉ channel. The recently solved crystal structure of the voltage-gated Kv1.2 channel reveals that the S4-S5 linker is the structural link between the voltage sensing and pore domains. In this study, we used chimeras constructed from hERG and ether-a'-go-go (EAG) channels to identify interactions between residues in the S4-S5 linker and S6 domain that were critical for stabilizing the channel in a closed state. To verify the spatial proximity of these regions, we introduced cysteines in the S4-S5 linker and at the C-terminal end of the S6 domain and then probed for the effect of oxidation. The D540C-L666C channel current decreased in an oxidizing environment in a state-dependent manner consistent with formation of a disulfide bond that locked the channel in a closed state. Disulfide bond formation also restricted movement of the voltage sensor, as measured by gating currents. Taken together, these data confirm that the S4-S5 linker directly couples voltage sensor movement to the activation gate. Moreover, rather than functioning simply as a mechanical lever, these findings imply that specific interactions between the S4-S5 linker and the activation gate stabilize the closed channel conformation.
A fundamental property of all voltage-gated ion channels is the ability to open or close in response to changes in membrane potential. In voltage-gated K ϩ channels, the transmembrane domains are partitioned into distinct functional modules: a voltage-sensing module (S1-S4) and an ion-conducting module (S5-S6). Changes in the transmembrane electrical field exert a force on the highly charged S4 domain to initiate a process that culminates in the opening of the activation gate (1) . The activation gate is formed by crisscrossing of the C-terminal portions of the S6 ␣-helices to form a narrow aperture near the cytoplasmic interface (2) . Channel opening is proposed to involve splaying of the S6 helices at a conserved glycine, thereby widening the aperture to allow passage of ions (3, 4) . Although substantial progress has been made in defining the structural basis of the voltage sensor and activation gate, the mechanism of coupling voltage sensing to channel opening, "electromechanical coupling" (5), remains poorly defined. Electromechanical coupling may involve global rearrangements between large domains within the channel complex, for example, outward movement of S4 coupled to rearrangements in S5 that are transmitted to S6. Alternatively, the coupling mechanism might involve discreet interactions between specific residues in more localized regions. The intracellular S4-S5 linker is ideally suited to function as an electromechanical coupler given that it is physically tethered to the S4 and, as such, could function to transduce voltage sensor movement. Mutations in the S4-S5 linker of a variety of K ϩ channels influence activation and gating charge movement (6 -10) . Hyperpolarization-activated cyclic nucleotide-gated channels with a mutation in the S4-S5 linker behave as though the link between voltage sensing, and channel opening was severed (11) . A direct interaction between the S4-S5 linker and C-terminal portion of the S6 domain (C-S6) was suggested by studies designed to impart voltage sensitivity to the voltage-independent KcsA channel. A chimera containing the pore module of KcsA and the voltage-sensing module of Shaker gated in a voltage-dependent manner only if S4-S5 linker and a 9-amino-acid stretch of C-S6 residues from Shaker were included in the chimera (12, 13) . We proposed that an interaction between the S4-S5 linker and C-S6 was also important in stabilizing the closed conformation of the hERG 2 (human ether-a'-go-go-related gene (14) ) K ϩ channel (15) . A charge reversal of a single residue in the S4-S5 linker (D540K) destabilized the closed state of hERG channels via an electrostatic interaction with an arginine in C-S6 (Arg-665).
Most recently, a mechanism to explain electromechanical coupling was proposed based on the crystal structure of the mammalian voltagegated Kv1.2 channel solved in the open state (5, 16) . The S4-S5 linker forms an amphipathic ␣-helix running parallel to the cytoplasmic interface and is positioned over the C-S6 from the same subunit. Inward movement of the voltage sensor with membrane hyperpolarization is postulated to compress the S4-S5 linker against the S6 helices, resulting in closure of the activation gate (5) . To date, a direct physical interaction between the S4-S5 linker and the activation gate has not been established unequivocally.
In this study, we used chimeras constructed from hERG and the related bovine ether-a'-go-go (bEAG) channel to identify residues in the S4-S5 linker and C-S6 that were important for normal channel closure. We introduced cysteines into these regions and demonstrated that D540C-L666C current was decreased by oxidation in a state-depend-ent manner associated with reduced gating current. These data suggest that electromechanical coupling is transduced via the S4-S5 linker. Moreover, rather than functioning simply as a mechanical lever, our study suggests a stringent requirement for specific residues in the S4-S5 linker and the activation gate to stabilize the channel in a closed conformation.
EXPERIMENTAL PROCEDURES
Molecular Biology-Site-directed mutagenesis, in vitro synthesis, and injection of cRNA into Xenopus laevis oocytes were performed as described previously (15) . Oocytes were injected with 2-15 ng of WT or mutant hERG cRNA and incubated for 3 days as described (15) . The HBS6 chimera was a kind gift of E. Ficker.
Electrophysiology-Ionic currents were measured with the two-microelectrode voltage clamp technique using a GeneClamp 500 amplifier (Molecular Devices, Union City, CA). Voltage commands were generated using pCLAMP8 software (Molecular Devices), a personal computer, and a DigiData 1320 interface (Molecular Devices). Recordings were performed at room temperature (22-24°C). Currents were filtered at 1 kHz and digitized at 2 kHz. Microelectrodes were pulled from borosilicate glass capillary tubes and had resistances of 0.8 -1.5 megaohms when filled with 3 M KCl. For hERG-bEAG chimera recordings, the extracellular solution contained (in mM): 96 NaCl, 4 KCl, 1 CaCl 2 , 1 MgCl 2 , 10 HEPES, pH 7.6. For hERG Cys mutant recordings, the extracellular solution contained (in mM): 96 NaCl, 2 KCl, 1 CaCl 2 , 2 MgCl 2 , 10 HEPES, pH 7.6. The recording chamber was perfused at a rate of ϳ1 ml/min.
Gating currents were measured at room temperature using the cutopen Vaseline gap (17) recording technique and a CA-1B amplifier (Dagan Corp., Minneapolis, MN). Recordings were performed at room temperature. Signals were filtered at 5 kHz with an eight-pole Bessel filter and acquired at 20 kHz. Microelectrodes were filled with 3 M KCl to obtain resistances of 0.1-0.2 megaohms. The extracellular solution (top and guard chambers) consisted of (in mM): 120 tetraethylammonium-MES, 2 Ca-MES, 10 HEPES, pH 7.4, and the intracellular solution consisted of (in mM): 120 tetraethylammonium-MES, 10 HEPES, pH 7.4. The oocyte was permeabilized by adding 0.2% saponin to the lower chamber for 2 min. Intracellular K ϩ was depleted by clamping the membrane to 0 mV for 30 min. To ensure complete block of hERG channels, the specific hERG blocker MK-499 (50 M) was added to the external and internal solutions after depletion of intracellular K ϩ as described (18) . Linear leak and capacitance currents were partially compensated by analog circuitry and subtracted on-line using a p/-8 protocol. (19) from a pre-pulse potential of Ϫ140 or Ϫ160 mV and a holding potential (HP) of Ϫ110 mV. Non-linear transient currents were not detected in uninjected oocytes, indicating that gating currents detected in hERGinjected oocytes were not contaminated by constitutively expressed channels. Data Analysis-The isochronal voltage dependence of the activation of WT and mutant hERG channels was determined from tail current amplitudes measured at Ϫ70 or Ϫ120 mV following 2-s depolarizing voltage steps that were applied from an HP of Ϫ90 or Ϫ120 mV as described (15) . Tail current amplitude was plotted versus test potential (V t ) and fitted to a Boltzmann function using ORIGIN software (Northampton, MA)
where V1 ⁄ 2 is the voltage at which the currents are half-activated and k is the slope factor. I max represents the maximum tail current value. All data are expressed as mean Ϯ S.E.
RESULTS

Substitution of bEAG S6 Domain into hERG Disrupts Channel
Closure-Ficker et al. (20) reported that insertion of the entire S6 domain (including the first 5 residues of the C terminus) of bEAG into hERG (HBS6 chimera) disrupted activation gating such that channels appeared to be constitutively open at negative potentials. This is an unexpected finding given the high homology (81%) between the S6 domains of these channels and suggests a stringent requirement for specific residues to stabilize the activation gate in its closed conformation. WT hERG and HBS6 currents elicited by voltage steps to potentials between Ϫ150 and ϩ40 mV from an HP of Ϫ120 mV are compared in Fig. 1 , A and B. Membrane hyperpolarization did not elicit the opening of WT hERG channels (Fig. 1A) . Depolarization evoked typical slowly activating, rapidly inactivating WT hERG currents. Subsequent repolarization elicited tail currents that represented recovery of channels that were inactivated by the preceding voltage step followed by deacti-FIGURE 1. Insertion of the bEAG S6 domain into hERG (HBS6 chimera) disrupts channel closure. Top, amino acid sequence of S6 and the first 5 residues of the C-terminal region of hERG and HBS6. Dashes indicate identical residues as the corresponding hERG residue. A and B, topology of WT hERG (A) and HBS6 chimera (B) and corresponding ionic currents. hERG residues are depicted in blue, and bEAG residues are depicted in red. Currents were elicited by 2-s voltage steps between Ϫ150 and ϩ40 mV in 20-mV increments from an HP of Ϫ120 mV and returned to Ϫ120 mV for measurement of tail current. C, inward holding current at Ϫ120 mV is blocked by terfenadine. Currents were elicited by a 2-s depolarizing step to ϩ40 mV from an HP of Ϫ120 mV before (black) and after the application of 50 M terfenadine (gray). The arrow denotes the level of zero current. Terfenadine blocks the inward holding current, confirming that current is the result of open channels, rather than leak current. D, HBS6 chimera currents elicited by 1-s voltage steps between Ϫ170 and Ϫ100 mV in 10-mV incremental steps from an HP of Ϫ120 mV. Channel deactivation is absent even at potentials as negative as Ϫ170 mV. The arrow denotes the level of zero current. E, HBS6 (open squares) and hERG (fill circles) activation curves (n ϭ 10 HBS6, n ϭ 11 hERG). The V1 ⁄2 and slope were Ϫ77.3 Ϯ 0.8 mV and 9.5 Ϯ 0.7 for HBS6 and Ϫ25.8 Ϯ 0.23 mV and 7.1 Ϯ 0.2 for WT hERG, respectively.
vation. By contrast, HBS6 chimeric channels were open at HP of Ϫ120 mV, as evidenced by an inward holding current (Fig. 1B ) that was eliminated by the application of the hERG channel blocker terfenadine (Fig.  1C ). Hyperpolarizing and depolarizing voltage steps elicited nearly instantaneous inward and outward currents that resembled an inward rectifier channel (Fig. 1, B and D) . Repolarization to Ϫ120 mV revealed tail currents that represented the recovery of channels from inactivation followed by slow and incomplete channel deactivation. Thus, HBS6 chimeric channels partially closed, leaving a constitutive conductance at hyperpolarized potentials. Voltage steps to potentials as negative as Ϫ170 mV failed to induce complete channel closure (Fig. 1D) . The HBS6 activation curve indicated that a proportion of channels (0.16 Ϯ 0.02) remain opened at Ϫ150 mV (Fig. 1E ). In addition, the HBS6 activation curve was shifted by Ϫ51 mV when compared with WT hERG (Fig. 1E) . Thus, despite the homology, the S6 helix of bEAG was unable to achieve a stable closed conformation when inserted into the hERG channel background.
Channel Closure Is Normalized by Restoring C-terminal S6 ResiduesTo determine the residues responsible for destabilizing the closed conformation of the HBS6 chimera, we sequentially restored C-terminal HBS6 residues back to native hERG. Restoring just the C terminus back to hERG (residues Tyr-667-Ala-671, chimera A) failed to normalize channel closure, as evidenced by the inward holding current at Ϫ120 mV ( Fig. 2A) . Mutating 2 additional residues at the end of the S6 domain (Arg-665-Ala-671, chimera B) restored channel closure (Fig. 2B) . Further restoration of S6 residues (Ser-660-Ala-671, chimera C) resulted in a channel that behaved more similar to WT hERG (Fig. 2C) .
Concordance between the S4-S5 Linker and C-terminal S6 Residues Restores Channel Closure-Because channel closure was normalized by mutating residues in the S6 proper (chimera B), we tested the effect of restoring only the last 2 amino acids of the S6 domain (Arg-665 and Leu-666) in the background of the HBS6 chimera (HBS6-Arg-665-Leu-666). Channel closure was normalized in the HBS6-Arg-665-Leu-666 chimera (Fig. 3, A and C) . We reasoned that these channels were able to close properly because the HBS6-Arg-665-Leu-666 chimera contained hERG sequences in both the S4-S5 linker and C-S6, that is, both regions were concordant for hERG amino acid sequence. Conversely, discordance between the S4-S5 linker and the activation gate might explain the disrupted channel closure in the HBS6 chimera. To test this hypothesis, we mutated the residues in the HBS6 S4-S5 linker to match the bEAG sequence such that S4-S5 linker and S6 would both contain bEAG sequences. The S4-S5 linker of hERG differs from bEAG at two sites, Arg-541 and Ser-543 (Fig. 3B, inset) . The mutations R541H and S543I in the background of the HBS6 chimera (HBS6-His-541-Ile-543) also restored channel closure (Fig. 3, B and C) . Thus, discordance between the sequence of the S4-S5 linker and C-terminal S6 domain destabilized FIGURE 3 . Channel closure in the HBS6 chimera requires concordant S4-S5 linker and C-terminal S6 sequences. A, topology and ionic current traces from the HBS6 chimera variant in which the last 2 residues in S6 were mutated back to native hERG (HBS6-Arg-665-Leu-666). Note that in this chimera, the S4-S5 linker and the end of S6 are concordant for hERG sequence and channel closure is restored. B, topology and ionic current recorded from the HBS6 chimera variant in which the S4-S5 linker was substituted for that of bEAG (HBS6-His-541-Ile-543). Note that the S4-S5 linker and the S6 region are concordant for bEAG and that channel closure is restored. hERG and bEAG S4-S5 linker amino acid sequence is shown below. C, activation curves for HBS6 chimera (open squares), HBS6-Arg-665-Leu-666 chimera (open triangles), and HBS6-His-541-Ile-543 chimera (filled triangle). The V1 ⁄2 and slope were Ϫ44.2 Ϯ 0.3 mV and 9.8 Ϯ 0.2 for HBS6-Arg-665-Leu-666 chimera (n ϭ 11) and Ϫ59.4 Ϯ 0.45 mV and 9.3 Ϯ 0.4 for HBS6-His-541-Ile-543 chimera (n ϭ 6), respectively. FIGURE 2. Channel closure is rescued by sequentially restoring native hERG residues in the C-terminal-S6 region of the HBS6 chimera. Top, amino acid sequence of S6 and the first 5 residues of the C-terminal region of hERG and HBS6. A, B, and C refer to chimeras shown below in which HBS6 C-terminal residues were sequentially mutated back to native hERG, as depicted by the line below each letter. A-C, topology and ionic currents from HBS6 chimeras in which the C-terminal residues were sequentially mutated back to native hERG. hERG residues are depicted in blue, and bEAG residues are depicted in red. The arrows denote the level of zero current.
the closed conformation of the HBS6 chimera, allowing a constitutive conductance. This is an unexpected observation given the high homology between these related channels and illustrates that specific interactions between these two regions are required to effectively seal the activation gate.
Cross-linking between Introduced Cys in the S4-S5 Linker and C-terminal S6 Residues-We previously proposed that an electrostatic interaction between Asp-540 and Arg-665 stabilizes the closed conformation of hERG channels (15) . In addition to Arg-665, the HBS6 chimera studies identified Leu-666 as a critical residue for stabilizing the closed conformation. To determine whether Asp-540, Arg-665, and Leu-666 are located within atomic distances, we introduced cysteines at these positions and probed the effect of oxidation on current magnitude. We reasoned that formation of a disulfide bond between these regions would lock the channel in a single state. The membrane-permeable oxidizing agent tert-butylhydroperoxide (tbHO 2 ) was used in this study because the residues of interest are located near the intracellular portion of the membrane. Cells were repetitively pulsed (once every 10 s) to ϩ40 mV for 2 s to activate and inactivate channels and then repolarized to Ϫ70 mV to measure peak tail currents (I tail ). Following stabilization of the tail currents, 2 mM tbHO 2 was perfused while cycling through the voltage protocol. After 8 min of tbHO 2 application, cells were washed with normal extracellular solution. As shown in Fig. 4A , WT hERG tail current decreased minimally with tbHO 2 treatment (normalized I tail ϭ 0.86 Ϯ 0.03, n ϭ 5). D540C current increased slightly in the presence of tbHO 2 (normalized I tail ϭ 1.19 Ϯ 0.04, n ϭ 5), whereas D540C-R665C current decreased minimally (normalized I tail ϭ 0.89 Ϯ 0.02, n ϭ 5). By contrast, D540C-L666C current dramatically decreased during tbHO 2 treatment (normalized I tail ϭ 0.15 Ϯ 0.02, n ϭ 10), an effect that was not reversed by washing with normal extracellular solution (normalized I tail ϭ 0.10 Ϯ 0.01, Fig. 4, A-C) . Tail currents recorded from the single Cys mutant L666C decreased slightly with tbHO 2 application (normalized I tail ϭ 0.72 Ϯ 0.02, n ϭ 13; Fig. 4A ), confirming that the dramatic reduction in current observed with D540C-L666C was specific. The marked reduction in D540C-L666C current induced by tbHO 2 implied that formation of a disul-FIGURE 4. tbHO 2 reduces current through D540C-L666C hERG channels. A, time course of tbHO 2 application on normalized WT and mutant hERG tail currents. Peak tail current was recorded at Ϫ70 mV following 2-s depolarizing steps to ϩ40 mV applied once every 10 s. Following stabilization of the tail currents, 2 mM tbHO 2 was perfused, and the step protocol was repeated for 8 min. Cells were then perfused with normal extracellular solution (wash), and the step protocol was continued for an additional 8 min. Each data point represents the mean Ϯ S.E. of current magnitude normalized to values obtained before tbHO2. n ϭ 5 (WT, D540C, D540C-R665C), 10 (D540C-L666C), and 13 (L666C). B, left panel, D540C-L666C ionic currents elicited by 2-s step depolarizations between Ϫ100 and ϩ40 mV from an HP of Ϫ90 mV before (black) and after 8 min with 2 mM tbHO 2 and an 8-min wash (gray). Right panel, expanded view of tail currents elicited by repolarization to Ϫ70 mV following step depolarization to ϩ40 mV for D540C-L666C before (black) and after tbHO 2 (gray). C, current-voltage relationship for D540C-L666C in control conditions (black squares) and after an 8-min tbHO 2 wash and an 8-min wash (gray circles). n ϭ 8 cells. The arrows denote the level of zero current. D, tbHO 2 effect on D540C-L666C is reversible with DTT. Voltage protocol is the same as used in panel A. Cells were perfused with 0.5 mM tbHO 2 followed by the application of either 20 mM DTT or wash with normal external solution. n ϭ 5 cells in each group. Representative tail currents measured at Ϫ70 mV using closed state protocol before (black trace) and after tbHO 2 (gray trace) (B). Representative tail currents measured at Ϫ120 mV using open/inactivated protocol before (black trace) and after tbHO 2 (gray trace) (C). The arrows denote the level of zero current. D, peak tail current measured at Ϫ70 or Ϫ120 mV was normalized to control value and plotted as mean Ϯ S.E. n ϭ 7 cells for HP ϭ Ϫ90 mV and 4 cells for HP ϭ ϩ40 mV.
fide bond between the S4-S5 linker and C-S6 locked the channel in a non-conducting state. To determine whether the putative disulfide bond could be reversed with a reducing agent, cells expressing D540C-L666C hERG were exposed to 0.5 mM tbHO 2 followed by either 20 mM dithiothreitol (DTT) or normal extracellular solution (Fig. 4D) . DTT partially reversed the effect of tbHO 2 by increasing current to 0.78 Ϯ 0.04 of control values (Fig. 4D , red curve, n ϭ 5) when compared with 0.22 Ϯ 0.01 for cells perfused with normal external solution (Fig. 4D, black curve, n ϭ 6) .
To determine the state dependence of the tbHO 2 effect on D540C-L666C channels, cells were held continuously at Ϫ90 mV (closed) or ϩ40 mV (open/inactivated) during the application of 2 mM tbHO 2 (Fig.  5A) . When D540C-L666C channels were maintained in the closed state and exposed to tbHO 2 , current was markedly reduced following a step depolarization (normalized I tail ϭ 0.12 Ϯ 0.04, n ϭ 7; Fig. 5, B and D) . Holding D540C-L666C channels in the open/inactivated state during tbHO 2 protected the channels from being irreversibly modified (normalized I tail ϭ 1.04 Ϯ 0.21, n ϭ 6; Fig. 5, C and D) . These observations indicate that ␤-carbons of Asp-540 and Leu-666 are adjacent in the closed state and move away from each other in the open/inactivated states.
Cys Cross-linking between the S4-S5 Linker and C-terminal S6 Restricts Movement of the Voltage Sensor-If D540C and L666C form a disulfide bond in the closed state and prevent channel opening, one might predict that voltage sensor movement would be prevented by oxidation. To test this hypothesis, we measured gating currents (Ig) before and after tbHO 2 application. Ig was elicited by a 50-ms voltage step to ϩ40 mV from a prepulse potential of Ϫ140 mV for D540C-L666C channels and a 20-ms voltage step to ϩ40 mV from a prepulse potential of Ϫ160 mV for D540C. As we reported previously, charge reversal or neutralization of Asp-540 markedly accelerates the rate of hERG channel activation (8, 21) , shifts the charge-voltage relationship in the hyperpolarizing direction, and increases the rate of Ig ON and Ig OFF (21) . Likewise, the kinetics of Ig ON and Ig OFF were also fast for D540C-L666C and D540C channels (Fig. 6) , an effect most likely attributable to mutation of Asp-540. Ig measurements were repeated after 2 mM tbHO 2 was applied to the external solution (top and guard chambers) for 8 min while cells were cycled through 2-s step depolarizations to ϩ40 mV. The application of tbHO 2 markedly reduced D540C-L666C Ig, with minimal effect on D540C Ig (Fig. 6) . The integral of Ig ON at ϩ40 mV (Q ON ) was 0.24 Ϯ 0.03 of control values for D540C-L666C (n ϭ 6) and 0.75 Ϯ 0.06 for D540C (n ϭ 5). WT hERG Ig was unaffected by tbHO 2 treatment (data not shown). Taken together with the chimera data, the observation that disulfide bond formation reduces D540C-L666C Ig suggests that the S4-S5 linker couples movement of the S4 voltage sensor directly to the activation gate in S6.
DISCUSSION
Although considerable effort has been directed toward defining the structural basis of the voltage sensor and the activation gate, the mechanism of electromechanical coupling in voltage-gated ion channels remains unclear. We and others proposed that the cytoplasmic S4-S5 linker transduces voltage sensor movement to the activation gate in the C-terminal S6 region (13, 15) . Elucidation of the crystal structure of the voltage-gated Kv1.2 channel confirmed that the S4-S5 linker and the C-terminal S6 domain are within atomic proximity (16) . Based on the crystal structure of Kv1.2, Mackinnon and colleagues (5) proposed that the S4-S5 linker functions as a lever that exerts a mechanical force on the activation gate, driven by the electrical driving force of the transmembrane potential. Our findings imply that there are stringent requirements for the S4-S5 linker to efficiently function as a mechanical lever to stabilize the closed channel conformation. Discordance between the FIGURE 6. Effect of tbHO 2 on mutant hERG gating currents. A, D540C-L666C Ig before (black) and 8 min after 2 mM tbHO 2 (red). Ig was elicited by a 50-ms voltage step to ϩ40 mV from a prepulse potential of Ϫ140 mV. Dotted box shows superimposed gating current in control (CTRL) condition (black) and after tbHO 2 (red). Current shown represents an average of 10 traces. B, D540C Ig before and after tbHO 2 , elicited by a 20-ms voltage step to ϩ40 mV, from a prepulse potential of Ϫ160 mV. A more negative prepulse potential was required to fully recover gating charge as tbHO 2 treatment induced a hyperpolarizing shift in channel activation. The current shown represents an average of one trace. amino acid sequences of the S4-S5 linker and the end of S6 in the HBS6 chimera disrupted the stability of the helical bundle crossing such that passage of ions was permitted at potentials at which the activation gate is normally closed.
Mutations in the activation gate of Shaker also dramatically disrupt channel closure, resulting in a biophysical phenotype similar to that of the HBS6 chimera. Mutation of the 2nd proline in the Pro-Val-Pro motif of Shaker resulted in a constitutive conductance at hyperpolarized potentials and further voltage-dependent opening at depolarized potentials (22, 23) . The constitutive conductance of these mutants was independent of voltage sensor movement (23) . Single channel recordings at negative potentials revealed rapid, poorly resolved transitions between subconductance levels, consistent with disruption of the activation gate. The authors described the effect of the Pro mutations as an alteration in the equilibrium between the closed and open states (23) . Likewise, the voltage independence of the constitutive conductance at hyperpolarized potentials in the HBS6 chimera implies that ion conduction occurs independent of movement of the voltage sensors. Presumably, the position of the activation gate with respect to the S4-S5 linker is altered such that the activation gate can achieve a conducting position at negative potentials. Effective channel closure is restored when the S4-S5 linker and C-terminal S6 amino acid sequences are concordant. Discordance between the S4-S5 linker and the S6 region in the Shaker-KcsA chimera also disrupted channel closure, independent of voltage sensor movement (13) . Moreover, concordant Shaker sequences in these two regions was required for voltage-dependent gating (12, 13) . Taken together, these studies support the idea that the S4-S5 linker and the C-terminal S6 region interact to seal the activation gate in its closed conformation.
Our findings suggest that D540C and L666C form a disulfide bond under oxidizing conditions to lock the channel in the closed state and restrict movement of the voltage sensor. In the absence of biochemical evidence, disulfide bond formation between these 2 residues is strongly suggested by the state-dependent modification of D540C-L666C channels (but not the single Cys mutants D540C or L666C) and the ability to reverse modification with the reducing agent DTT. Formation of a disulfide bond between 2 Cys requires that the respective ␤-carbons are located within 5 Å and oriented orthogonally (24, 25) . Although we cannot exclude the possibility that D540C or L666C interact with an endogenous cysteine, our data are consistent with the notion that D540C and L666C are within 5 Å in the closed state and move away from each other in the open/ inactivated states. The ␤-carbons of the homologous amino acids in Kv1.2 (Lys-312 and Phe-416) are separated by ϳ11 Å in the open channel state (Fig. 7, top panel) , consistent with the finding that membrane depolarization protected D540C-L666C channels from modification. How would Asp-540, located near the end of the S4 helix, move to a position adjacent to the end of the S6 helix in the closed state? As proposed by Mackinnon and colleagues (5), inward movement of the S4 helix induced by membrane repolarization would force the S4-S5 linker against the C-terminal end of S6, narrowing the aperture of the activation gate and repositioning Asp-540 near Leu-666. Although this implies a relatively large rearrangement of the S4-S5 linker with respect to S6 (Fig. 7) , interhelical rearrangements of up to 15 Å have been reported in other membrane proteins by disulfide trapping techniques (24) . Repacking of the S4-S5 linker against the S6 domain could occur as the result of any one of the proposed models of S4 movement, including the sliding helix model (1, 26), "paddle" movement (27) , or tilting of the S4 helix (28) .
The absence of modification between D540C and R665C suggests either that the distance between these residues in the closed state exceeds 5 Å or that the geometry of the ␤-carbons is unfavorable for disulfide bond formation (24) . We favor the latter explanation given our previous mutational analysis of the S4-S5 linker and C-terminal S6 domain in hERG. The charge reversing mutation D540K destabilized the closed hERG channel conformation, enabling channel reopening with membrane hyperpolarization. This closed state disruption was dependent upon an electrostatic interaction between residues in positions 540 and 665 (15) . Charge neutralization of Arg-665 slows channel closure, whereas charge reversal either is not tolerated (R665E) or causes marked slowing of deactivation (R665D) (15) , supporting a role for this residue in modulating the stability of the closed state of hERG channels. Mutational analysis of the homologous C-S6 residues in Shaker further underscores the importance of this region in coupling to the voltage sensor (29, 30) . These observations, however, do not preclude a role for other regions of the channel in coupling voltage sensing to channel opening.
Although a role for the S4-S5 linker in electromechanical coupling has been previously proposed (5, 6, 10, 13, 15, 31) , our data define a direct interaction between the S4-S5 linker and the activation gate in the process of coupling voltage sensing to channel opening. In addition to transducing voltage sensor movement, specific residues in the S4-S5 linker stabilize the activation gate in the closed conformation. These findings, together with the recently solved crystal structure of Kv1.2, define the S4-S5 linker as the structural link that couples voltage sensing to channel opening.
